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Abstract 

The  effects  of  extra  Li  content,  different  synthesis  method  and  sintering  temperature  on  synthesis,  structure  and  electrochemistry  of 
LiCoi/3Nii/3Mni/302  were  investigated.  It  was  shown  that  extra  Li  content,  homogeneous  precursor  and  a  high  sintering  temperature  contributed 
to  the  formation  of  single  phase  compound.  Extra  Li  content  not  only  accelerated  formation  of  pure  phase  due  to  effectively  suppressing  devel¬ 
opment  of  NiO  impurity,  but  also  brought  about  considerable  variations  in  electrochemistry.  In  the  case  of  1.3  (the  molar  ratio  of  Li  versus  M 
(M  =  Coi/3Nii/3Mni/3)  at  starting  materials),  a  plateau-like  stage  at  >4.3  V  during  the  initial  charge  process  was  apparently  observed,  accompanying 
a  remarkably  improved  initial  charge  capacity.  Different  precursors  derived  from  different  synthesis  methods  caused  the  impressive  differences  in 
electrochemistry  of  LiCo^Nii^Mn^C^.  Homogeneous  precursors  derived  from  spray-drying  method  resulted  in  significantly  improved  electro¬ 
chemical  performances  in  contrast  with  ones  obtained  by  direct  decomposition  of  acetates  and  even  subsequent  ball-milling.  This  may  be  related  to 
the  reduced  occupancy  of  transitional  metal  ions  in  Li  layers,  smaller  particles  size  and  possibly  good  material  homogeneity  in  LiCoi/3Nii/3Mni/302. 
©  2006  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

There  is  an  expanding  demand  for  lithium  ion  batteries  as 
power  sources  for  portable  electronic  equipments,  such  as  cel¬ 
lular  phone,  camcorder  and  laptop  computer;  in  future,  the 
batteries  will  be  scaled-up  in  view  of  their  use  in  electric  vehi¬ 
cles  and  energy  storage.  Cathode  materials  play  an  important 
role  on  determining  performances  of  lithium  ion  batteries.  Cur¬ 
rently,  LiCo02  are  widely  commercialized  as  a  cathode  material 
in  lithium  ion  batteries;  however,  its  relatively  high  cost  inhibits 
its  further  use  in  price- sensitive  applications,  such  as  electric 
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vehicles.  Therefore,  search  for  an  alternative  cathode  material, 
superior  to  LiCo02  in  view  of  capacity,  economy,  non-toxicity 
and  safety,  is  still  ongoing  task. 

During  the  search  for  such  an  improved  cathode  material, 
layered  LiCoi/3Nii/3Mni/302  with  the  performances  com¬ 
parable  to  or  better  than  LiCoC>2,  recently  attracted  intense 
attention  [1-11].  In  this  material,  Ni,  Mn  and  Co  exist  as  2+, 
4+  and  3+  oxidation  states,  respectively,  which  is  opposite  to 
the  conventional  wisdom  that  Ni  is  3+  in  LiNiC>2  and  a  lot  of 
Ni2+  can  result  in  vitally  detrimental  effects  to  electrochem¬ 
ical  performances.  Ni  and  Co  acts  as  the  electrochemically 
active  species  during  cycling  in  the  voltage  range  of  >2.5  Y, 
while  Mn4+  is  electrochemically  inert  and  functions  as  stable 
framework.  We  recently  developed  a  spray-drying  method 
to  produce  excellent  LiCoi/3Nii/3Mni/302  and  found  that 
synthesis  method  had  an  important  impact  on  electrochemical 
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performances  [11].  It  was  observed  in  the  investigation  that 
pure  LiCoi/3Nii/3Mni/302  can  be  hardly  prepared  at  the 
same  sintering  condition  of  900  °C  using  a  simple  combustion 
method  of  acetates  despite  of  its  simplicity  and  expectable 
economical  merit;  NiO  as  an  impure  phase  with  rock  salt 
structure  separated  from  layered  main  phase,  possibly  due 
to  inhomogeneous  distribution  of  Ni,  Co,  Mn.  In  the  case,  it 
can  be  imagined  that  no  Li  salt  should  stay  around  or  closely 
from  NiO;  otherwise,  LizNi2-z02  (0<z  <  1)  having  gradually 
enhanced  ordering  structure  with  increasing  z  value  (at  z—  1,  it 
is  a  nearly  ideal  layered  structure  of  LiNi02)  possibly  forms. 
Therefore,  it  can  be  expected  that  adding  excess  Li  salt  at 
starting  materials  should  help  to  suppressing  or  refraining  for¬ 
mation  of  NiO  and,  instead,  developing  LLNi2-z02  (0<z  <  1) 
phase  that  may  better  favors  formation  of  solid  solution  with 
other  layered  components  to  a  single  phase  because  of  their 
structural  similarity.  This  will  be  effectively  verified  in  the 
current  work.  In  fact,  it  has  been  already  claimed  that  extra  Li+ 
(y>0  in  Lii+y  (Nii/3Mni/3Coi/3)i -^2)  can  be  incorporated 
into  transitional  metals  layers  in  LiCoi/3Nii/3Mni/302,  accom¬ 
panying  the  oxidization  of  partial  Ni2+  to  Ni3+  to  maintain 
a  single  phase  compound  [9,10].  Similar  phenomenon  was 
also  reported  in  LiNiC>2  and  LiNii/2Mni/202  [12-14].  In  the 
references  [9,10],  the  investigations  were  mainly  focused 
on  the  effect  of  extra  Li  content  on  electrochemistry  of  the 
LiCoi/3Nii/3Mni/302,  which  were  prepared  at  a  same  high 
sintering  temperature,  such  as  900  °C  using  extra  Li  content 
at  starting  materials  up  to  the  1.2  molar  ratio  of  Li  versus 
total  transitional  metals.  However,  the  effect  of  extra  Li  on 
synthesis,  structure  and  electrochemistry  in  a  larger  range 
under  different  sintering  temperatures  is  still  not  much  clear  in 
LiCoi/3Nii/3Mni/302.  In  combination  with  one  recent  report 
on  solid  solution  in  the  system  of  LiNi02-LiCo02-Li2Mn03 
(or  LiNii  _zCoz02-Li2Mn03)  [15],  the  nature  of  the  materials 
with  extra  Li  content  can  be  further  shed  light  on.  Theoretically, 
an  excess  Li  with  y  =  1/7  in  Lii+;y(Nii/3Mni/3Coi/3)i 
can  be  incorporated  into  transitional  metals  sites,  along  with 
transformation  of  all  Ni2+  to  Ni3+  in  LiCoi/3Nii/3Mni/302 
and  formation  of  Li[Lii/7Co2/7Ni2/7Mn2/7]02.  Actually, 
Li[Lii/7Co2/7Ni2/7Mn2/7]02  can  be  prepared  and  consid¬ 
ered  as  one  member  of  solid  solutions  of  LiNi02-LiCo02- 
Li2Mn03  (or  LiNii  _zCoz02-Li2Mn03)  according  to 
the  recent  report  [15],  because  it  can  be  reformulated  as 
2/7LiN  i02  •  2/7LiCo02  •  3/7Li  [Li  1/3  Mn2/3  ]  02 .  Therefore,  the 
materials  prepared  using  extra  Li  content  may  be  con¬ 
sidered  as  the  members  of  solid  solution  series  between 
LiCoi/3Nii/3Mni/302  and  Li  [Li  1  /7  C02/7  Ni2/7  Mn2/7  ]  O2 .  Some 
clues  in  our  current  report  can  be  found  to  support  the 
assumption  above. 

In  this  work,  following  our  previous  work  [11],  we  report 
the  synthesis  of  LiNii/3Mni/3Coi/302  cathode  materials  under 
different  conditions.  The  effects  of  different  Li  content  (the 
molar  ratio  of  Li  versus  M  (M  =  Coi/3Nii/3Mni/3)  at  starting 
materials  ranged  from  1.0  to  1.3),  sintering  temperature  and 
synthesis  method  on  synthesis,  structure  and  electrochemical 
performances  were  examined  in  detail.  The  more  reasonable 
explanation  for  good  electrochemical  performances  of  the  best 


sample  prepared  by  spray-drying  method  was  proposed  in  com¬ 
bination  with  further  structural  analysis  and  morphology  char¬ 
acterization. 

2.  Experimental 

LiNii/3Mni/3Coi/302  was  firstly  prepared  by  direct  decom¬ 
position  of  acetates  at  400  °C,  followed  by  heating  at  different 
higher  temperatures  for  20  h  after  grinding  (method  A).  With  this 
method,  different  Li  contents  at  starting  materials,  ranging  from 
1.0  to  1.3  in  molar  ratio  of  Li  versus  M  (M  =  Nii/3Mni/3Coi/3) 
and  represented  as  v  below,  were  adopted  to  investigate  the 
effect  of  extra-Li  effect  on  synthesis  and  electrochemical  perfor¬ 
mances  of  LiNii/3Mni/3Coi/302.  In  order  to  investigate  effect 
of  different  synthesis  method  on  LiNii/3Mni/3Coi/302,  ball¬ 
milling  (method  B)  and  spray-drying  (method  C)  methods 
were  also  employed  to  prepare  LiCoi/3Nii/3Mni/302.  For  ball¬ 
milling  method,  the  mixture  after  decomposition  of  acetates 
was  subject  to  ball-milling  for  1  h  and  then  calcined  at  different 
higher  temperatures  for  20  h.  For  spray-drying  method,  samples 
were  prepared  as  the  procedure  below.  Stoichiometric  LiN03, 
M(CH3C00)2*4H20  (M  =  Ni,  Co  and  Mn)  were  dissolved  in 
water.  The  transparent  solution  was  fed  into  a  spray-drying 
instrument  (pul vis  mini- spray  GB22,  Yamato,  Japan)  to  produce 
homogenous  precursors.  The  precursors  were  initially  heated  at 
300  °C  in  air  and  then  calcined  at  different  higher  temperatures 
for  20  h  after  grinding. 

The  crystallographic  properties  of  samples  were  character¬ 
ized  using  a  Rigaku  diffractometer  (RINT  1000)  with  Cu  Ka 
radiation.  Structure  parameters  for  several  samples  were  refined 
by  a  Rietveld  method  using  a  computer  program  (RIETAN)  [16] 
on  the  basis  of  a-NaFe02-type  structure  with  space  group  R-3m. 
A  virtual  chemical  species  representing  the  transition  metal  ele¬ 
ments  in  samples,  M,  was  used  in  the  refinement.  It  has  the  mean 
scattering  amplitude  of  the  transition  metal  elements.  Li,  M  and 
O  were  distributed  to  3 a  (0,  0,  0),  3 b  (0,  0,  1/2)  and  6c  (0,  0,  z) 
sites,  respectively.  Total  occupancy  of  each  site  was  constrained 
to  be  unity.  Li  and  M  were  allowed  to  exchange  during  refine¬ 
ment.  The  R  factors  obtained  in  the  refinement  on  these  samples 
(e.g.  RWp  is  about  10%)  were  comparable  to  the  reported  val¬ 
ues  in  LiNixMnxCoi  _  2*02  (0  <  v  <  0.5)  [3].  The  scan  electron 
microscope  (SEM)  images  were  obtained  by  JEOL  JSM-5200 
electron  microscope. 

The  charge  and  discharge  characteristics  of  Li-Ni-Mn- 
Co-0  cathodes  were  examined  in  CR2032  coin-type  half-cell 
(Li/Li-Ni-Mn-Co-O).  Cells  were  composed  of  a  cathode  and 
a  lithium  metal  anode  (Cyprus  Foote  Mineral  Co.)  separated  by 
a  porous  polypropylene  film  (Celgard  3401)  and  two  glass  fiber 
mats.  The  cathode  consisted  of  20  mg  active  material  and  12  mg 
conductive  binder  (8  mg  polytetrafluoroethylene  (PTFE)  and 
4  mg  acetylene  black).  It  was  pressed  on  a  stainless  steel  mesh 
at  800  kg  cm-2  and  then  dried  in  vacuum  at  170  °C  for  5  h.  The 
electrolyte  solution  was  a  1 :2  mixture  of  ethylene  carbonate  (EC) 
and  dimethylcarbonate  (DMC)  in  volume  containing  1  M  LiPF^. 
All  cells  were  assembled  in  an  argon-filled  dry  box.  Cells  were 
cycled  in  such  a  way  (CCCV)  that  they  were  charged  to  4.5  V  at 
a  constant  current  density  of  0.2  mA  cm-2  (20  mA  g~ 1 )  and  then 
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kept  at  4.5  V  for  3  h,  followed  by  being  discharged  to  3.0  V  at  a 
constant  current  density  of  0.2  mA  cm-2  (20mAg_1).  For  the 
measurement  of  rate  capability,  charge  process  was  executed 
in  CCCV  mode  at  a  constant  current  density  of  0.2  mA  cm-2 
(20  mA  g_1),  but  discharge  process  went  on  at  different  rates. 

3.  Results  and  discussion 

Fig.  1  shows  XRD  profiles  of  LiCoi/3Nii/3Mni/302  pre¬ 
pared  by  the  direct  decomposition  of  acetates  using  different 
Li  contents  at  starting  materials  under  different  temperatures. 
At  800  °C,  the  samples  with  v  =  1.0  and  1.1  were  apparently 
the  mixture,  while  extra  Li  with  x=l.2  and  1.3  made  a  sin¬ 
gle  phase  compound  indexable  to  a  layered  a-NaFe02-type 
structure  (space  group  R-3m ,  no.  166),  despite  that  the  split¬ 
ting  of  0  0  6  and  1  0  2  as  well  as  1  0  8  and  110  reflections 
was  not  developed  well  in  comparison  with  the  samples  pre¬ 
pared  at  a  higher  temperature.  With  careful  identification,  three 
phases,  cubic  NiO,  layered  Li2Mn03  and,  possibly,  layered 
Liz(NiCoMn)2  -  ZC>2  were  developed  in  the  case  of  v  =  1 .0  and 
1.1,  as  marked  in  figure.  By  contrast  with  1.0,  increasing  Li 
content  up  to  v  =  1 . 1  indeed  reduced  the  formation  of  cubic  NiO 
according  to  intensity  change  of  the  diffraction  peak  at  around 
44°  and  also  increased  the  Li2Mn03  content  in  the  mixture; 
when  v  increased  to  1.2,  NiO  phase  disappeared,  accompanying 
the  formation  of  a  single  phase.  Therefore,  the  disappearance 
of  NiO  phase  is  possibly  an  indicator  that  a  pure  phase  can 
be  observed.  At  900  °C,  a  weak  reflection  coming  from  NiO 
impurity  was  still  detected  only  in  the  sample  with  v=  1.0.  The 
splitting  of  006  and  102  as  well  as  108  and  110  reflections 
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Fig.  1.  XRD  patterns  of  LiCoi/3Nii/3Mni/302  prepared  by  the  direct  decompo¬ 
sition  of  acetates  (method  A)  using  different  Li  contents  under  different  sintering 
temperatures. 


became  clear  with  increasing  Li  content.  At  950  °C,  all  samples 
presented  a  single  phase  compound  with  well-developed  XRD 
patterns.  As  a  result,  extra  Li  content  at  starting  materials  can 
apparently  accelerate  the  formation  of  single  phase  compound.  It 
is  possibly  due  to  the  mechanism  mentioned  in  the  introduction 
that  rock- salt- structured  NiO  phase  is  structurally  incompatible 
with  layered  structure  and  its  formation  is  suppressed  as  extra 
Li  content  at  starting  materials  was  added,  accompanying  the 
development  of  layered-ordering  LizNi2  -ZC>2  and  further  solid 
solution  with  other  layered  components  to  produce  a  layered 
single  phase.  Furthermore,  extra  Li  also  appeared  to  benefit 
development  of  layered  structure  according  to  the  splitting  of 
006  and  1  0  2  as  well  as  1  0  8  and  110  reflections.  In  addition, 
an  enough  high  sintering  temperature  also  evidently  played  a 
key  role  on  formation  of  pure  phase  compound.  With  careful 
observation,  some  weak  and  broad  reflections  at  around  21°  for 
the  samples  prepared  with  large  v  values  were  detected  at  low 
temperatures  (800  and  900  °C),  which  are  usually  ascribed  to 
short-range  supper  lattice  order  of  Li  and  transitional  metals  in 
the  transitional  metals-containing  layers  [17]  and  supports  that 
extra  Li+  are  really  incorporated  into  transitional  metals  sites, 
but  they  became  negligible  at  950  °C. 

Slight  and  regular  shifts  in  some  diffraction  peaks  can  be 
detected  due  to  different  Li  contents  at  starting  materials  and 
sintering  temperatures.  This  can  be  reflected  by  their  lattice 
parameters  as  shown  in  Table  1.  Lattice  parameters,  a  and  c, 
monotonously  decreased  with  increasing  Li  content  for  the  sam¬ 
ples  prepared  at  the  same  temperature,  as  shown  in  Fig.  2. 
When  extra  Li+  are  incorporated  into  the  sites  of  transitional 
metals  layers  in  LiCoi/3Nii/3Mni/302,  the  formation  of  par¬ 
tial  Ni3+  to  maintain  a  single  phase  compound  is  accompa¬ 
nied;  as  v  increases  to  1.33,  all  Ni2+  transform  to  Ni3+  and 
Li[Lii/7Co2/7Ni2/7Mn2/7]02  forms.  Thus,  the  materials  prepared 
with  different  Li  contents,  as  discussed  previously,  may  be  con¬ 
sidered  as  solid  solution  between  LiCoi/3Nii/3Mni/302  and 


X 

Fig.  2.  The  change  in  lattice  parameters,  a  and  c,  with  increasing  x  (Li  content 
at  starting  materials)  for  LiCoi/3Nii/3Mni/302  prepared  by  the  direct  decompo¬ 
sition  of  acetates  (method  A)  using  different  Li  contents  at  950  °C. 


632 


L.  Zhang  et  al.  /  Journal  of  Power  Sources  162  (2006)  629-635 


Table  1 

Lattice  parameters,  initial  charge,  discharge  and  irreversible  capacities  for  LiCoi/3Nii/3Mni/302  prepared  by  the  direct  decomposition  of  acetates  (method  A)  using 
different  Li  contents  under  different  sintering  temperatures 


Samples 

Lattice  parameters 

a  (A)  c  (A) 

Charge  capacity  (mAh  g  1 ) 

Discharge  capacity  (mAh  g  1 ) 

Irreversible  capacity  (mAh  g  1 ) 

800  °C 

X  * 

11  11 

to  U 

2.8447 

14.1438 

160.7 

172.6 

131.3 

137.4 

29.4 

34.5 

jc=  1.3 

2.8411 

14.1160 

194.7 

140.9 

54.7 

900  °C 

v  =  1 .0 

2.8548 

14.2040 

190.1 

155.2 

34.9 

x  =  1.1 

2.8542 

14.1937 

197.1 

163.2 

34.0 

jc=  1.2 

2.8469 

14.1712 

183.2 

152.0 

31.2 

x=  1.3 

2.8448 

14.1709 

216.8 

156.5 

60.3 

950  °C 

x=  1.0 

2.8596 

14.2232 

201.1 

167.4 

33.7 

x=  1.1 

2.8591 

14.2046 

206.1 

169.8 

36.3 

*=1.2 

2.8516 

14.1934 

200.3 

167.2 

33.1 

*=  1.3 

2.8459 

14.1777 

225.0 

173.1 

52.0 

Li[Lii/7Co2/7Ni2/7Mn2/7]02,  which  can  be  supported  by  the 
gradual  change  in  lattice  parameters,  a  and  c,  with  increasing 
x  value,  as  shown  in  Fig.  2.  The  real  compositions  of  the  com¬ 
pounds  should  lie  in  the  range  of  Li  \  +  y  (Ni  1/3  Mn  1/3  Co  1/3 )  1  -  y  O2 
(0  <  y  <  1/7).  The  solid  solution  series  have  such  a  substitution 
equation:  Co3+  +  7Ni2+  +  Mn4+  =  3Li+  +  6Ni3+.  The  ionic  radii 
of  Li+,  Ni2+,  Ni3+,  Co3+  and  Mn4+  are  0.76,  0.69,  0.56,  0.53 

o 

and  0.54  A,  respectively  [18];  hence,  the  average  ionic  radius 
of  [3Li+  +  6Ni3+]  is  smaller  than  that  of  [Co3+  +  7Ni2+  +  Mn4+] 

o 

(0.627  and  0.656  A,  respectively).  As  a  result,  the  smaller  mean 
ionic  radius  causing  the  shrinkage  of  the  transitional  metal  lay¬ 
ers  may  mainly  account  for  the  shrinkage  in  a-  and  c-axes  with 
increasing  x.  Additionally,  the  samples  prepared  with  the  same 
Li  content  at  a  higher  temperature  appeared  to  present  the  slight 
expansion  in  a-  and  c-axes  in  contrast  to  those  prepared  at  a 
lower  temperature.  This  is  possibly  related  to  the  formation  of 
lower  valence  M,  like  Ni2+  in  the  sample  at  a  higher  tempera¬ 
ture  (impure  phases,  trace  amount  of  L^O  and  Li2C03,  possibly 
appear  in  this  case,  but  are  impossible  to  be  detected  by  XRD) 
than  at  a  lower  temperature,  because  a  higher  temperature  usu¬ 
ally  benefits  the  formation  of  low  valence  [19]. 

Fig.  3  shows  XRD  patterns  of  LiCoi/3Nii/3Mni/302  pre¬ 
pared  via  different  precursors  derived  from  different  methods. 
LiCoi/3Nii/3Mni/302  prepared  via  method  A,  A900  (final  heat¬ 
ing  at  900  °C)  and  A950  (final  heating  at  950  °C),  indicated 
that  a  temperature  of  >950  °C  can  cause  a  pure  phase  com¬ 
pound.  Whereas  the  samples  prepared  via  method  B,  B800  (final 
heating  at  800  °C)  and  B900  (final  heating  at  900  °C),  indi¬ 
cated  that  LiCoi/3Nii/3Mni/302  could  be  obtained  at  900  °C.  In 
contrast,  the  samples  prepared  via  mehod  C,  C800  (final  heat¬ 
ing  at  800  °C)  and  C900  (final  heating  at  900  °C),  showed  that 
LiCoi/3Nii/3Mni/302  can  be  obtained  at  a  lower  temperature 
of  800  °C.  Spray-drying  (method  C)  is  a  good  way  to  produce 
the  precursors  with  homogeneity  at  an  atomic  scale  [20].  Ball¬ 
milling  is  also  helpful  to  enhance  the  homogeneity  of  precursors. 
As  a  result,  it  can  be  believed  that  the  homogeneous  precursors 
can  accelerate  the  formation  of  LiCoi/3Nii/3Mni/302. 


Fig.  4  shows  the  charge-discharge  curves  and  cycling 
performance  of  LiCoi/3Nii/3Mni/302  prepared  by  the  direct 
decomposition  of  acetates  (method  A)  using  different  Li  con¬ 
tents  at  starting  materials  under  different  sintering  temperatures. 
It  is  clear  that  sintering  temperature  had  an  apparent  effect 
on  initial  charge  and  discharge  capacities,  that  is,  capacities 
increased  with  the  increase  in  final  heating  temperature, 
as  summarized  in  Table  1.  Extra  Li  content  brought  about 
little  change  in  capacity  in  the  range  of  v<  1.2  and  a  slight 
variation  in  charge-discharge  curve  that  a  plateau-like  shape 
was  developed  at  the  high  voltage  range  of  initial  change  curve. 
However,  the  significant  change  was  made  in  the  case  of  x  =  1 .3. 
A  remarkably  improved  initial  charge  capacity  along  with  the 
prominent  change  in  charge-discharge  curves  were  observed 
with  extra  Li  of  x=1.3,  as  indicated  in  Fig.  4.  The  sample 
presented  an  apparent  plateau-like  stage  as  the  charge  voltage 
was  over  4.3  V,  which  was  clearly  reflected  as  a  sharp  shoulder 
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Fig.  3.  XRD  patterns  of  LiCoi/3Nii/3Mni/302  prepared  via  different  methods 
under  different  sintering  temperatures. 
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Fig.  4.  Initial  charge-discharge  curves  and  cycling  performance  for 
LiCoi/3Nii/3Mni/302  prepared  by  the  direct  decomposition  of  acetates  (method 
A)  using  different  Li  contents  under  different  sintering  temperatures. 

of  peak  in  the  plots  of  differential  capacity  versus  voltage,  as 
shown  in  Fig.  5.  This  phenomenon  was  not  found  in  references 
[9,10].  Enough  high  excess  Li  content  at  starting  materials  is 
necessary  to  clearly  observe  the  phenomenon.  The  shoulder 
intensity  decreased  with  decreasing  Li  content  and  disappeared 
at  v=  1.0.  It  was  reported  that  the  simultaneous  removal  of  Li 
and  O  from  the  structure  in  the  similar  layered  compounds  with 
extra  Li+  in  transitional  metals-containing  layers  can  occur  and 
bring  about  an  irreversible  plateau  at  about  4.5  V  during  initial 
charge  process  [17].  Similar  phenomenon  was  also  observed  in 
the  solid  solution  system  of  LiNi02-LiCo02-Li2Mn03  [15]. 


Fig.  5.  The  derivative  plots  obtained  from  charge-discharge  curves  for 
LiCoi/3Nii/3Mni/302  prepared  by  the  direct  decomposition  of  acetates  (method 
A)  using  different  Li  contents  at  950  °C. 


Fig.  6.  Initial  charge-discharge  curves  and  their  derivative  plots  for 
LiCoi/3Nii/3Mni/302  prepared  via  different  methods. 

As  discussed  above,  the  material  with  v=  1.33  having  the  nomi¬ 
nal  composition  of  Li[Lii/7Co2/7Ni2/7Mn2/7]02  is  one  member 
of  LiNi02-LiCo02-Li2Mn03  solid  solution  system  while  the 
materials  prepared  with  different  Li  contents  can  be  consid¬ 
ered  as  the  solid  solution  between  LiCoi/3Nii/3Mni/302  and 
Li[Lii/7Co2/7Ni2/7Mn2/7]02.  Therefore,  it  is  possible  that  the 
similar  redox  mechanism  occurs  in  our  samples  prepared  with 
extra  Li  content.  In  turn,  the  gradual  change  in  electrochemistry, 
increasing  shoulder  in  Fig.  5  with  increasing  x,  also  supported 
the  assumption  that  the  materials  prepared  using  different  Li  con¬ 
tent  are  solid  solution  series  between  LiCoi/3Nii/3Mni/302  and 
Li[Liy7Co2/7Ni2/7Mn2/7]02.  From  the  cycling  data,  the  sample 
with  v=  1.2  showed  the  best  cycleability,  as  shown  in  Fig.  4. 

Fig.  6  shows  the  charge-discharge  curves  and  their  deriva¬ 
tive  plots  for  LiCoi/3Nii/3Mni/302  prepared  via  different  meth¬ 
ods.  All  samples  exhibited  smooth  charge-discharge  curves, 
corresponding  to  a  single  peak  at  around  3.75  V  as  shown 
in  the  plots  of  differential  capacity  versus  voltage.  The  sam¬ 
ple  prepared  by  method  C  at  900  °C  (C900)  showed  the 
highest  charge-discharge  capacities  and  smallest  irreversibil¬ 
ity  as  summarized  in  Table  2.  Despite  the  difference  in  initial 
charge-discharge  capacities,  similar  cycleability  was  observed 
for  these  samples  except  for  C800,  as  indicated  in  Fig.  7.  Fig.  8 
shows  the  comparative  investigation  on  rate  capability  between 
the  samples  C900  and  B900.  The  sample  C900  produced  much 
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Fig.  7.  The  cycling  performance  of  LiCoi/3Nii/3Mni/302  prepared  via  different 
methods. 


Fig.  8.  Rate  capabilities  of  samples  C900  and  B900  operated  at  room  tempera¬ 
ture  and  50  °C. 


better  rate  capability  than  B900  and  temperature  effect  on  rate 
capability  for  the  sample  C900  is  much  less  than  that  for  B900. 
Judging  from  initial  charge-discharge  capacities  and  rate  capa¬ 
bility,  the  preference  of  synthesis  method  followed  such  an  order 
of  C  >  B  >  A.  The  sample  C900  is  the  most  promising  in  view  of 
its  capacity,  cycling  performance  and  rate  capability. 


In  order  to  clarify  the  origin  of  better  performances  of  the 
sample  C900,  the  further  structural  analysis  by  Rietveld  refine¬ 
ment  and  morphology  characterization  by  SEM  were  performed 
on  these  samples.  The  obtained  lattice  parameters,  a  and  c,  and 
occupancy  of  transitional  metals  ions  in  Li  layers  by  Rietveld 
refinement  were  summarized  in  Table  2.  The  lattice  parame- 


Fig.  9.  SEM  images  of  LiCoi/3Nii/3Mni/302  prepared  via  different  methods. 
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Table  2 


The  obtained  lattice  parameters  and  occupancy  of  transitional  metals  ions  M  in  Li  layers  by  Rietveld  analysis  as  well  as  initial  charge,  discharge  and  irreversible 
capacities  for  LiCoi/3Nii/3Mni/302  prepared  via  different  methods 


Samples 

Lattice  parameters 

Occupancy  of  M 
in  Li  layers  (%) 

Charge  capacity 
(mAh  g~ 1 ) 

Discharge  capacity 
(mAh  g_  1 ) 

Irreversible  capacity 
(mAhg-1) 

a  (A) 

c(A) 

A950 

2.8634 

14.2368 

3.4 

201.1 

167.4 

33.7 

B900 

2.8630 

14.2353 

3.3 

213.1 

181.2 

31.9 

C800 

2.8623 

14.2394 

3.0 

212.1 

185.4 

26.7 

C900 

2.8628 

14.2438 

2.0 

213.5 

195.3 

18.2 

ters,  a  and  c,  presented  slight  difference  for  those  samples,  but 
a  difference  in  occupancy  of  transitional  metal  ions  in  Li  lay¬ 
ers  was  made.  The  occupancy  of  transitional  metals  ions  in  Li 
layers  for  the  samples  prepared  by  spray-drying  method,  espe¬ 
cially  for  C900,  showed  a  relatively  low  value.  Fig.  9  shows  the 
morphologies  of  four  LiCoi/3Nii/3Mni/302  prepared  via  differ¬ 
ent  methods.  A950  and  B900  had  better-developed  particles, 
the  size  of  which  ranged  from  about  0.5  to  1  p,m.  It  seemed 
that  A950  had  a  slightly  larger  particle  size  in  comparison  with 
B900.  In  contrast,  the  samples  prepared  by  spray-drying  method, 
C900  and  C800,  showed  the  smaller  particle  size,  especially  for 
C800.  Some  small  particles  in  C900  seemed  to  be  agglomer¬ 
ated  into  a  large  one  with  a  second  particle  size  of  <1  ptm,  while 
C800  consisted  of  <200  nm  particles.  In  summary,  three  factors 
including  the  reduced  occupancy  of  transitional  metals  ions  in  Li 
layers,  smaller  particles  size  and  possibly  good  homogeneity  of 
materials  may  mainly  account  for  the  improved  electrochemical 
properties  for  the  C900  sample. 

4.  Conclusion 

LiCoi/3Nii/3Mni/302  was  prepared  under  various  condi¬ 
tions.  The  effects  of  extra  Li  content  at  starting  materials,  sinter¬ 
ing  temperature  and  different  precursors  obtained  from  different 
synthesis  methods  on  synthesis,  structure  and  electrochemistry 
ofLiCoi/3Nii/3Mni/302  were  investigated.  Extra  Li  content  not 
only  contributed  to  the  formation  of  a  single  phase  compound 
at  a  lower  sintering  temperature,  but  also  caused  the  change  in 
electrochemistry  especially  when  the  molar  ratio  of  Li  versus 
M  (M  =  Coi/3Nii/3Mni/3)  reached  1.3.  In  the  case  of  x=1.3, 
the  sample  exhibited  the  remarkably  improved  initial  charge 
capacity,  accompanying  the  appearance  of  a  plateau-like  stage 
at  >4.3  V.  The  materials  prepared  using  different  extra  Li  con¬ 
tents  may  be  considered  as  the  solid  solution  series  between 
LiCoi/3Nii/3Mni/302  and  Li[Lii/7Co2/7Ni2/7Mn2/7]02.  Homo¬ 
geneous  precursors  cannot  only  accelerate  the  formation  of 
LiCoi/3Nii/3Mni/302,  but  also  significantly  improve  the  elec¬ 


trochemical  performances.  LiCoi/3Nii/3Mni/302  prepared  at 
900  °C  via  the  precursors  derived  from  spray-drying  method 
showed  the  best  electrochemical  performances  among  the  mate¬ 
rials  investigated  in  the  current  work.  This  may  be  related  to  the 
reduced  occupancy  of  transitional  metal  ions  in  Li  layers,  smaller 
particles  size  and  possibly  good  homogeneity  of  materials. 
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